Adaptation of eucaryotic cDNA to heterologous expression was studied by mutating the translation initiation (Tl) region upstream (/nTI) and downstream (AfTI) of the start codon. In the mTI subregion the 8 bases flanking the invariant Shine -Dalgarno motif GG-AG were mutagenlzed exhaustively, while the AfTI subregion was subjected to random silent mutations at the wobble positions. The quality of a given Tl sequence was judged on the basis of expressed enzyme activity. Low-yield and high-yield mutants of both Tl subregions were selected and recombined systematically. The analysis of these double cartridges gave the following results: 1. As a rule, an unfavourable AfTI subregion can be compensated for by mutations in the /nTI subregion and vice versa. 2. The compatibility between mTI and AfTI subregion Is explainable at least in part by a low Interaction tendency; a AG°'-value of -10.7 kcal/mol appears to be a physical threshold for heterologous cDNA expression. 3. On the basis of periShine -Dalgarno mutations, the expression yield for different cDNA sequences could be increased by 1 to 2 orders of magnitude. One of these sequences encoded A(1 -15)human glutathione reductase, a mutant lacking the flexible N-terminal extension of the protein. In conclusion, to study and overcome Tl region-based expression problems it is worthwhile to start out with a versatile vector containing exhaustive mutations in the periShine -Dalgarno sequences; as a rule the coding AfTI subregion can be kept unchanged.
INTRODUCTION
The Tl region comprising approximately 50 nt is that part of the mRNA which is covered by the ribosome in the translation initiation complex [1] . As indicated in Fig. 1A , the start codon AUG divides this region into two sections of about equal lengths, namely the non-coding subregion (/nTI) and the coding subregion (AfTI). Although several sequence features within the Tl region are known to influence recombinant gene expression in E. coli [2] [3] [4] [5] [6] [7] [8] [9] , the structural basis of heterologous translation initiation problems is poorly understood. In order to obtain more insight into this process, we chose human glutathione reductase cDNA (hGR cDNA) [10] cloned into the expression vector pUB300 [11] as a model system. The cellular function of glutathione reductase (GR), which catalyzes the reaction NADPH + GSSG + H + -NADP+ + 2 GSH, is the production of free SH groups for deoxynucleotide synthesis, detoxication of mutagenic peroxides, and for other processes [12] . HGR . cDNA which resists heterologous expression from various procaryotic vectors could be adapted to high-yield enzyme synthesis in E.coli by randomly introducing multiple silent mutations into the AfTI subregion [11] . The present report deals with systematic analyses of the non-coding mTI subregion. All hGR cDNA expression plasmids contain the mTI region of the E.coli atpE gene. In this segment the 4 bases upstream and downstream of the invariant Shine-Dalgarno sequence (GGAG) were mutagenized exhaustively (Fig. 1A) . Subsequently, we examined the effects of selected periGGAG sequences on the expression of hGR cDNA with unchanged or silent-mutagenized MTI portions. Accordingly, the compatibility between mTI-and MTI subregion is the major object of this study.
A complementary aspect was to develop a general method for optimizing heterologous expression of a given cDNA without changes in the coding region. Such a method would be based on a vector library exhaustively mutagenized in the mTI subregion. A library of this kind is likely to contain individual mTI cartridges which are compatible with the MTI cartridge of any given cDNA species.
MATERIALS AND METHODS Nomenclature
The different sequence cartridges of the non-coding (= nontranslated) mTI subregion are denoted by lower case italic letters while those in the coding (= translated) AfTI region are specified by capital italic letters. Lower case italic letters 'a' through 'g' represent allelic sequences differing in the 8 nt surrounding the invariable Shine-Dalgarno stretch GGAG; 'a 1 is the wild type non-coding mTI region of the atpE gene present in well established expression vectors [13] . The coding AfTI region 'A' is present in unchanged hGR cDNA [ 10] , 'B' through 'D' contain different silent mutations in the first coding triplets of the hGR cDNA [11] . '5' which is not allelic to 'A' through 'D' denotes the Am subregion of A(l -15)hGR cDNA. A(l -15)hGR is an enzyme mutant lacking the N-terminal 15 amino acid residues. Double cartridges, i.e. combinations of mTI/AfTI subregions, are specified by italic letters. For instance 'aA' represents the TI region of the original hGR expression plasmid pUB300 composed of the cartridges 'a' and 'A '.-The term 'adaptation' is used here in a more precise sense than previously [11] . It means to adapt mTI and AfTI subregions to each other in order to manipulate the expression yield of a given cDNA.
The Ncol I Sail DNA fragment that includes the complete coding region for hGR is termed cDNA,.. It begins exactly with the start codon of hGR cDNA which is part of the Ncol site while the stop codon is close to the 3' end of this fragment (Fig. IB) .
Calculation of putative mRNA secondary structures AG°', computed according to Zuker and Stiegler [14] , is the standard free energy of mRNA secondary structures in the TI region. For computations, the 24 nt upstream and the 24 nt downstream of the start codon were considered.
E.coli strains
The E.coli strain SG5 lacking glutathione reductase activity [15] was a generous gift from R. N. Perham, Cambridge, U.K.. SG5 cells were invaluable in experiments where colonies had to be screened for plasmid-based expression of hGR. E.coli XLl-Blue [16] was used for cloning and amplifying plasmid constructs.
Recombinant DNA techniques
All cloning techniques were carried out according to standard protocols [17] . Plasmid DNA was sequenced using the dideoxynucleotide termination method of Sanger et al. [18] .
Exhaustive mutagenesis in the mTI subregion
The population of degenerate mTT cartridges was produced using an ABI 380B DNA synthesizer. Two complementary oligodeoxynucleotides were synthesized and subsequently purified by HPLC. During synthesis the growing nucleotide chains were programmed to randomly incorporate any of the deoxynucleotides in the four positions preceding and succeeding the Shine -Dalgarno segment. This resulted in the sequences
where N stands for any of the four deoxynucleotides. Prior to annealing, equimolar amounts of the two degenerate oligodeoxynucleotides were 5' phosphorylated using T4 poly nucleotide kinase. After incubation for 5 min at 95 °C in 10 mM Tris-HCl / 50 mM NaCl, pH 8 , annealing was performed by slow cooling to 25 C C over a period of 2 hours. The resulting dsDNA fragments possess an Xhol site at their 5' ends and an Narl site at their 3' ends. A shorter variant of this dsDNA fragment population (with Ncol sites at the 3' ends) was generated by additional Ncol digestion. Deletions in the oligonucleotides were not programmed but were observed when analyzing mTI subregions of selected clones, 'bA' in Table 1 being an example.
Silent mutagenesis in the AfTI subregion
This procedure has been described in detail [11] . Briefly, the first 16 triplets of the hGR cDNA,. were released and substituted by synthetic oligodeoxynucleotides coding for the same 16 amino acids but containing multiple silent mutations. The population of the mutagenized cDNA fragments was then recloned into atpE gene-based vectors. GR-deficient E.coli SG5 cells were transformed with these plasmid populations, and the resulting colonies were screened for hGR expression.
Determination of enzyme activity GR-deficient E.coli SG5 cells transformed with the various expression plasmids were plated on agar. Nitrocellulose filter replicas were taken and screened for GR-activity (color development) using the protocol of Davis et al. [19] . For quantitative hGR determinations the GSSG-dependent oxidation of NADPH was followed photometrically [20] . In these assays sonicated extracts of E.coli cultures (12 h in Luria-Bertani medium) were used. An hGR activity of lOmU corresponds to lpmol or 52.4 ng enzyme protein [12] . 
RESULTS

Effects of mutations in the periShine-Dalgarno sequence on the expression of unchanged and silent-mutagenized hGR cDNA
The low-expression plasmid pUB300 containing the wild type mTl/MTl double cartridge 'aA' was used to study the effects of mutations in the mTI subregion on heterologous expression. For this purpose the untranslated mTI region was released from pUB300 as an Xhol I Ncol DNA fragment and then replaced by a synthetic deoxyoligonucleotide population which had been generated by exhaustive mutagenesis in the 4 positions upstream and downstream of the invariant Shine-Dalgarno (GGAG) sequence. This produced a population of expression plasmids theoretically carrying 4 8 = 65 536 different mutations in the periShine-Dalgarno sequence (Fig. 1A) . After transformation of E.coli SG5 with these mutated plasmids, 10 000 colonies were screened for recombinant hGR activity.
This procedure was also carried out with two other expression plamids which did not contain the native AfTI subregion 'A' but pUB300
Xhol Ncol Narl Sail Figure 1A . Mutageneses in the two TI subregions (mTI and MTT) of hGR cDNA expression plasmids. The subregkms (hatched) are separated by a unique Ncol site, the start codon AUG (=ATG) being part of this site. The untranslated mTI region which includes the Shine-Dalgarno sequence GGAG is specified by XhollNcol sites, the translated AfTT region by NcoV Narl sites. Since the Narl site is not unique in the parental plasmid pUB300, the expression plasmids were constructed by ligation of three types of fragments. Fragment 1 was the residual vector released after XhoVSall digestion. Fragment 2 was the Ncol I Sail fragment of either unchanged hGR cDNAj [10] or hGR cDNAj randomly silent-mutagenized in the initial triplets [11] , and fragment 3 was either the Xhol I Ncol fragment of the E.coli atpE gene or the population of the Atol-digested degenerate oligodeoxynucleotides containing exhaustive mutations in the periShine-Dalgamo sequence (see Materials and Methods). N stands for A,T,C, or G. If only two alternatives were possible at the wobble position of a codon in the AfTI cartridge, one of them is shown above and below the double-stranded DNA. B. The cartridge exchange system for recombining selected TI subregions. One expression plasmid is the donor of the coding portion of an hGR cDNA (cDNA c ) which might contain or not contain multiple silent mutations in the AfTI region. The other expression plasmid, the recipient, contains a mutagenized or non-mutagenized mTI region. The cDNA c was released as an Ncol I Sail fragment from both plasmids and the cDNA c of the donor was incorporated into the recipient. As an example of this cDNA,.-swopping system, the double cartridge 'eA' in the recipient and the double cartridge 'JB' in the donor yield a plasmid containing the double cartridge 'eB'.
the silent-mutagenized AfYl subregions termed 'B' and 'C, the corresponding sequences being ( 'A') ATG GCC TGC AGG CAG GAG CCG CAG CCG ( 'fl') ATG GCG TGC CGA CAG GAA CCA CAA CCA ( 'C') ATG GCT TGT CGT CAG GAG CCT CAA CCT
The plasmids possessing the double cartridges 'aB' and 'aC were preselected on the basis of methods described before [11] . The 'aB' -containing plasmid gives rise to maximal enzyme activity when expressed in SG5 cells. Accordingly, its cartridge 'fl' can be regarded as 'fully adapted' to the wild-type mTI cartridge V. In analogy, cartridge 'C was termed 'partially adapted' because the plasmid with the TI double cartridge 'aC (pUB302-63) produces only 22% hGR when compared with the 'aB' system.
It was found that more than 99% of the colonies transformed with any of the mTI-mutagenized plasmids produced lower amounts of recombinant hGR when compared with SG5 cells transformed with the parental plasmids containing the wild type mTI cartridge 'a' in the contexts 'aA', 'aB' and 'aC. However, a few colonies synthesized similar or even higher quantities of hGR than those transformed with the parental plasmids. A number of plasmids specifying different phenotypes were isolated, and the mutagenized periGGAG regions were sequenced. Table 1 shows examples of apparently favourable ('bA', l eB', 'dC) and unfavourable ('cA', 'c'A', 'JB' and 'fB') phenotypes. The system 'bA' for example, gave rise to 12fold higher GR activity than the parental plasmid containing 'aA'. In the group characterized by the MY\ region 'fl', the 'efl'-mutant reached the same maximal expression yield as the 'afl'-containing parental plasmid but none of the mutagenized periGGAG sequences was found to be superior to 'a'. In the case of the partially adapted AfTI region 'C, one periGGAG mutant { k dC) yielded the maximal hGR activity represented by 'aB'. Thus, by changing mTI V to mTI 'd', the adaptation process was completed for AfTI 'C. This and other examples listed in Table 1 indicate that mutations in the periShine-Dalgarno region can greatly influence the expression efficiencies of different coding regions. It was tested if differences in mRNA abundance might account for this effect. For 6 mutants, among which the expression of hGR activity varied up to 300fold, hGR mRNA was isolated according to standard protocols [17] . Northern blot analyses revealed no differences in mRNA abundance or mRNA stability among the samples.
Compensation of an unfavourable mTl subregion by silent mutations in the coding AfTI subregion According to Table 1 , the mTI cartridge 'c' appears to be unfavourable because the hGR expression yield obtained from pUB310-9 (with the double cartridge 'cA') is below that of colonies transformed with the original plasmid pUB300 containing the double cartridge "aA\ In order to test the concept of mTllMYl compatibility, we searched for silent mutations in the AfTI subregion that would stimulate expression. Therefore, the '(^'-containing plasmid pUB310-9 was randomly mutagenized in its coding Am sequence. This technique was originally developed for the adaptation of hGR cDNA cartridges to the wild type periShine -Dalgarno sequence 'a' [11] and includes the following steps: Random silent mutagenesis of the first coding triplets using the degenerate oligodeoxynucleotides shown on the right hand side of Fig. 1A , replacement of the unchanged hGR cDNA,. in the pUB310-9 plasmid by the silentmutagenized population of cDNA,. fragments, transformation of E.coli SG5 cells, and colony-screening for expressed hGR activity. We identified a colony with much higher hGR expression (70 mU/Afioo) than found in E.coli SG5 cells transformed with the parental plasmid pUB310-9 (1.5 mU/Ajoo). The expression plasmid recovered from this colony contained the mTI cartridge 'c' and the silent-mutagenized AfTI cartridge 'D' (Fig. 2A) . The Table 2 . Expression plasmids containing scheduled mTT/MTI double cartridges. experiment shows that an unfavourable mTI subregion can indeed be compensated for by silent mutagenesis of the Am cartridge.
Scheduled recombinations of mTI and AfTI sequences
As it is shown in Fig. IB , the Am cartridges containing the wild type sequence 'A', and the silent-mutagenized sequences 'B\ 'C or 'D' can be released from the expression plasmids and reinserted behind any mTI region. By this procedure a number of new plasmids were constructed and examined for their mTUMYl compatibilities using hGR expression efficiency in E.coli SG5 cells as a quantitative measure. In order to address the question whether there exist periShine-Dalgarno sequences that are either intrinsically favourable or unfavourable for heterologous cDNA expression, we combined those mTI subregions which appeared to be either unfavourable or favourable with other Am subregions. Examples for plasmids with such recombined mTUMYl cartridges are listed in Table 2 .
Crosses of apparently favourable mTI subregions ('b' and 'd') with different MTI sequences (Table 2, block i). The mTI cartriges
'b' and 'd' had been identified as 'favourable' in the contexts l bA' and 'dC, respectively (Table 1) . They were, however, poorly compatible with AfTI 'B'. In addition, mTI 'a" had but a slight effect on the expression of unchanged cDNA<.
('dA' * 'aA'). The periGGAG sequence of 'e' which gave rise to maximal expression levels in combination with Am 'B' did not show this effect when it was combined with the original AfTI subregion 'A'. The 'eA' -plasmid pUB314 was less productive than the 'bA '-containing system (Tables 1 and 2 ).
Combination of the apparently unfavourable mTI sequences 'c' and f with different coding MTI sequences (Table 2, block ii).
The mTI subregion V identified in the 'c/i'-plasmid pUB310-9 was combined with the coding segment 'B'. The resulting 'cB'-containing plasmid was pUB326 which gave rise to less than 10% expression yield when compared with the parental 'aB'-system present in pUB3O2-59a. Of special interest was the comparison of the systems 'cD' and 'aD' since the Am subregion 'D' had been specifically designed to compensate for the unfavourable effects of V on AfTI 'A' and Am 'fl' (see above). Even in combination with '£>', the stimulatory effect of 'c' was only 33% when compared with the wild-type mTI cartrige 'a' . Thus although mTI 'c' can stimulate expression-for instance in the mTT/Am systems 'cD' or 'cB'-it is inferior to 'a' in the studied systems. As shown in analogous experiments, this applies also to mTI '/.
The data suggest that the phenotype of a periGGAG mutant strongly depends on the cDNA sequence coding for the first amino acid residues. Consequently, only mTUMTl double cartridges can be designated as favourable or unfavourable; in other words , the mTI sequence and the Am sequence of a given cDNA must be compatible with each other.
Accordingly, for each coding Am subregion one or more mTI cartridges can be found that give rise to significant heterologous cDNA expression. However, there are some differences among the AfTI cartridges. The AfTI cartridges 'B' and 'C can be expressed to result in maximal enzyme activity (275 mU/Aaoo) when combined with appropriate mTI cartridges. It should be noted that expression of the 'fl'-containing hGR cDNA is stimulated equally well by two different mTI subregions ('a' and V). The allelic MTl sequence 'C is stimulated to maximal expression by the mTI cartridge Vf while the AfTI subregion 'D' could be expressed best if present in the double cartridge 'aD' (210 mU/Atfjo). The unchanged hGR cDNA cartridge 'A' was significantly expressed in combination with the mTI cartridge 'b' but even this cross yielded only 35 mU/A#)o-As indicated by the AG°'-values shown in Tables 1 and 2 , all AfTI 'A '-containing systems have a strong tendency to form stable secondary structures. Apparently this property of AfTI 'A' resists compensation by periShine -Dalgarno mutations.
An interaction energy of -10.7 kcal/mol appears to be a threshold value for mTIMfn compatibility The degree of mTl/MTl compatibility depends on AG 0 ', the energy of secondary structure formation between the non-coding and the coding portion of a given TI region (Tables 1 and 2) . When plotting the natural logarithm of expression yield against the interaction energy, we find a linear relationship in the range of -10 to -12.5 kcal/mol. No such correlation is obvious for AG°' values below -10 kcal/mol. This result is consistent with the following interpretation: If the interaction energy AG 0 ' = -RTlnK =-RTln[untranslatable form]/[translatable form] is more negative than -10.7 kcal, the resulting mRNA secondary structures block translation. Below this threshold, the base-pairing potential between mTI and AfTI subregion is too weak to be correlated with translation efficiency (Tables 1 and 2 ). This interpretation strongly supports the conclusions of de Smit and van Duin (21) who, in a principally different approach, found a similar correlation between translation efficiency and AG 0 ' for a hairpin structure in the TI region of the coat protein gene of bacteriophage MS 2.
PeriShine-Dalgarno mutagenesis as a prerequisite for the synthesis of the N-terminal deletion mutant A(l -15)hGR The following example shows that the results described in this paper can be generalized and that the adaptation of periShine-Dalgarno sequences to coding AfTI sequences is not restricted to the initial triplets of hGR cDNA.
The structure of human glutathione reductase contains a flexible N-terminal extension of 16 amino acids [12, 22] . This extension does not occur in E.coli GR [15] and in other enzymes which are structurally and mechanistically related with glutathione reductase [12, 23] . To answer the question if the extension is essential for catalysis in the human enzyme we constructed a plasmid which supported the expression of the truncated A(l -15)hGR cDNA mutant. In analogy to the steps shown in Fig. 1A , three DNA fragments were prepared and ligated. Fragment 1 was the residual vector released after Xhol I Sail digestion of the plasmid pUB300. The second fragment was the Narl I Sail segment obtained from the same plasmid (Fig. 1A) . The set of degenerate oligodeoxynucleotides containing exhaustive mutations 4 bases upstream and 4 bases downstream to the periShine-Dalgamo sequence of the atpE gene served as the third fragment. The ligation of these components produced a population of expression plasmids with highly variable periGG-AG sequences in their mTI subregions and the AfTI subregion '5' which is composed of the initial triplets of A(l-15)hGR cDNA.
E.coli SG5 cells were transformed with these expression plasmids and screened for colonies with high glutathione reductase activity. Less than 1 % of the colonies exhibited enzyme activities above 3 mU/A^x, The colony showing the highest enzyme level (175 mU/Agoo) contained the plasmid pUB3O9-2; its mTI cartridge termed 'g' was sequenced (Fig. 2B) . The AfTI cartridge 'S' was also recombined with the wild type mTI cartridge 'a 'using the method described in Fig. IB . The resulting plasmid which contains the double cartridge 'aS' yielded 11 fold lower glutathione reductase activity than the plasmid containing the 'gS' double cartridge (Fig. 2B) . The high-yield expression plasmid pUB3O9-2 allowed to isolate sufficient amounts of A(l-15)hGR to crystallize the mutant protein (Fig. 3) and to study its catalytic parameters. For example, it was found that the mutant enzyme exhibits the same specific activity (10mU/ pmol enzyme) as wild type hGR; consequently, the protein yields are directly comparable. 
DISCUSSION
Human glutathione reductase cDNA offers several advantages as a model for studies on translation initiation in E. coli. (i) The unchanged hGR cDNA as present in a number of plasmids resists heterologous expression [11] unless multiple mutations are introduced into the TI region, (ii) The enzyme's activity is easily estimated using a sensitive colorimetric test [19] which allows the screening of many transformed bacterial colonies at a time, (iii) Quantitative measurements are possible as the hGR levels in the glutathione reductase-deficient E. coli strain SG5 [15] reflect the yields of exogenous cDNA expression apparently undisturbed by secondary effects.
Our studies on the Tl-region of hGR cDNA demonstrate that the non-coding mTI and the coding AfTI subregions cannot be considered separately. As one may expect, there are many more incompatible than compatible mTI/AfTI constellations. Less than 1% of E.coli cells transformed with plasmids containing exhaustive mutations in the periShine-Dalgarno sequence or silent mutations in the AfTI subregion expressed significant (>3mU/A 6O o) hGR levels. However, as shown in Table 1 and Fig. 2B there are plamids with periGGAG mutations which give rise to more than ten times higher enzyme activity than the wild type plasmids pUB300 and pUB321.
A necessary but not sufficient basis for efficient expression is a -AG°'value for mTVMTl interaction of 10.7 kcal/mol. Below this threshold the mRNA secondary structures are labile in loco so that they can be neglected [21] but sequence motifs in the periGGAG region which are not necessarily involved in mTUMTl interaction also play permitting or prohibiting roles for expression [2] [3] [4] [5] [6] [7] [8] [9] . The most conspicuous example for pairing potential-independent low expression is the system 'JB' (interaction tendency = -4 kcal/mol; activity yield = 6 mU/Aeoo); obviously 'fB' contains sequence motifs affecting the productive interaction of the TI sequence with factors that modulate expression efficiencies. For example, the sequence motif GGG at the 3' end of the mTI cartridge /"-which does not occur in any of the other investigated periShine-Dalgarno sequences-may represent a signal rendering this cartridge unfavourable per se. Since plasmids containing the double cartridge 'a8' give rise to 275 mll/A^, it is of interest to test how a stepwise change in the periGGAG sequences from mTI 'f to mTI 'a' will affect expression.
A cause for favourable mTI mutations might be an extension of the Shine-Dalgarno sequence at its 5' end (from GGAG to AGGAG) representing a longer stretch of complementarity with the 16S rRNA [9] . As shown in Table 1 and Fig. 2B this extension is present in three apparently favourable mTI cartridges (V, V and 'g') but also in the unfavourable cartridge V. This suggests that the additional Shine-Dalgarno base is unlikely to play a significant role in hGR cDNA expression. In addition we found no evidence that silent mutations in the sequences representing nucleotides +15 to +26 downstream of the start codon had an influence on expression yield; for other systems, this region has been proposed to specify a stimulatory interaction site between mRNA and 16S rRNA (4, 25) .
A practical aspect of our studies may also be considered. In order to overcome TI region-caused expression problems it seems worthwhile to start out with a versatile vector containing exhaustive mutations in the periShine -Dalgarno sequences of the mTI subregion; this is exemplified in the mTUMTI systems 'dC, 'bA' (Table 1) and 'gS' (Fig. 2B) where 'b', '<f and 'g' represent selected periGGAG mutants. Consequently a vector, highly degenerate in these 8 bp, may be suitable for significant expression of any given cDNA. As a complementary approach, the MTI subregion can be changed using random silent mutagenesis [11] . This method, however, represented by the change from 'cA' to 'cD' in Fig. 2A , concerns the coding sequence of the cDNA; consequently the required oligodeoxynucleotide mixture is different for each individual cDNA. Finally, selected mTI and MTI subregions can be recombined systematically using cartridge exchange (Fig. IB) , a procedure which is expected to facilitate studies on the functional role of specific sequence motifs in the TI region.
For testing the application of periShine-Dalgarno mutagenesis to a practical problem we studied the cDNA of A(l -15)hGR. The coding MTI region '& of this cDNA has nothing in common with the MTI region VT of hGR cDNA (Fig. 2B) . The expression levels, however, for the two different cDNA species can be compared directly. In the case of A(l-15)hGR cDNA, exhaustive periGGAG mutagenesis and subsequent selection led to the TI double cartridge 'gS' which gave rise to high yield of recombinant enzyme. In contrast, the plasmid containing the original mTI region V instead of mTI 'g' was more than 10 times less effective in stimulating the expression of A(l-15)hGR cDNA. The expression of this protein in sufficient amounts for structural studies (Fig.3) is of theoretical and practical interest. Human glutathione reductase is one of the few enzymes for which the stereochemistry of catalysis has been elucidated in atomic detail on the basis of the crystal structure [26, 27] . However, as the N-terminal 16 amino acids could not be visualized by Xray crystallography it remained unclear if this chain segment including the reactive residue Cys-2 [22] plays a role for catalysis. The expression of A(l -15)hGR which is fully active proves that this is not the case. As a more practical aspect, the compact deletion mutant protein is well suited for studies on glutaredoxindependent deoxyribonucleotide synthesis; glutathione reductase is the principal enzyme providing free thiol groups for this process [12, 28] .
